Jaagsiekte sheep retrovirus (JSRV) is a betaretrovirus that causes ovine pulmonary adenocarcinoma, an infectious lung tumor of sheep (10, 29). Ovine pulmonary adenocarcinoma has morphological resemblance to a human lung cancer, bronchioloalveolar carcinoma, which is only weakly associated with cigarette smoking. In recent years, complete infectious and oncogenic molecular clones of JSRV have been isolated (30). We and others found that the JSRV envelope (Env) protein also functions as an oncogene in that it can induce morphological transformation of fibroblast and epithelial cell lines in culture and tumors in animals (1, 24, 34) . Further studies have demonstrated that amino acids in the cytoplasmic tail of the Env transmembrane (TM) protein are important for transformation, as are multiple domains in the surface (SU) protein (17, 18).
Jaagsiekte sheep retrovirus (JSRV) is a betaretrovirus that causes ovine pulmonary adenocarcinoma, an infectious lung tumor of sheep (10, 29) . Ovine pulmonary adenocarcinoma has morphological resemblance to a human lung cancer, bronchioloalveolar carcinoma, which is only weakly associated with cigarette smoking. In recent years, complete infectious and oncogenic molecular clones of JSRV have been isolated (30) . We and others found that the JSRV envelope (Env) protein also functions as an oncogene in that it can induce morphological transformation of fibroblast and epithelial cell lines in culture and tumors in animals (1, 24, 34) . Further studies have demonstrated that amino acids in the cytoplasmic tail of the Env transmembrane (TM) protein are important for transformation, as are multiple domains in the surface (SU) protein (17, 18) .
The nuclear export of mRNA is a critical step in gene expression. All retroviruses employ unspliced genome-length RNA as mRNA for synthesis of Gag and Pol proteins, while splicing yields mRNA(s) for Env (and other) proteins (15) . Thus, genome-length mRNA for Gag and Pol is equivalent to an unspliced precursor for Env mRNA. A key issue for retroviruses is how they transport unspliced genome-length RNA to the cytoplasm. This is accomplished by two general mechanisms. The human immunodeficiency virus type 1 (HIV-1) Rev protein (encoded by a doubly spliced mRNA) specifically binds to a Rev-responsive element (RRE), located in RNA of the env gene. The Rev/RRE complex recruits the cellular CRM1/ Xpo1 protein (as well as other cellular proteins), which results in transport of this RNA-protein complex to the cytoplasm (7) . Similarly, human T-cell leukemia virus type 1 (HTLV-1) Rex protein binds a Rex-responsive element on viral RNA, resulting in export via the CRM1 pathway (21) . The betaretroviruses mouse mammary tumor virus (MMTV) and human endogenous retrovirus K (HERV-K) also encode analogous regulatory proteins (Rem and Rec, respectively) (19, 22, 27) .
In contrast, the betaretroviruses Mason-Pfizer monkey virus (MPMV) and simian retrovirus (SRV) contain constitutive RNA export elements (constitutive transport elements [CTEs] ) that facilitate nuclear export of unspliced RNA (4, 41) . The MPMV CTE is located between env and the 3Ј long terminal repeat (LTR); it binds to the cellular trans-acting factor NXF1/Tap, which directs nuclear export of the RNAprotein complex to the cytoplasm (14) . Rous sarcoma virus and the related avian leukosis viruses contain direct repeat sequences flanking the src gene or in the 3Ј untranslated region of their RNA (28) . Structure-function analyses of these RNAexporting elements revealed specific stem-loop structures that are important for activity and for binding of the host cell factors (3) .
Like other betaretroviruses, JSRV contains the standard genes gag, pro, pol, and env. In addition we recently found that JSRV also encodes a regulatory factor, Rej (17a) . Rej is reminiscent of MMTV Rem and HERV-K Rec in that it is encoded in the 5Ј end of env and it is required for efficient synthesis of Gag protein. We found that Rej is required for translation of unspliced viral RNA, and in 293T cells it also enhances accumulation of cytoplasmic unspliced viral RNA in the cytoplasm. In the results presented here, we show that JSRV RNA also contains a Rej-responsive element (RejRE) in the 3Ј end of env that is required for translation of Gag protein and efficient export or accumulation of unspliced viral RNA in the cytoplasm in 293T cells. Mutational analyses of RejRE based on M-fold suggest that both primary sequences and secondary structures in this region play important roles in nuclear export or accumulation of unspliced viral RNA in the cytoplasm and Gag synthesis. This accumulation is independent of Tap but dependent on CRM1. Moreover, Rej protein was exported from the nucleus to the cytoplasm in cells expressing wild-type JSRV RNA but not RejRE mutants, suggesting binding of Rej protein to the RejRE.
Detection of Gag proteins. Five to 15 l of viral pellet samples and cell lysates corresponding to the same numbers of cells was subjected to SDS-polyacrylamide gel electrophoresis (PAGE). This was followed by Western blot analysis using a monoclonal anti-JSRV CA antibody (4C6A12) or rabbit polyclonal anti-JSRV CA antibody as the primary antibody followed by goat anti-mouse or goat anti-rabbit immunoglobulin G conjugated to horseradish peroxidase (Pierce) as secondary antibody. Blots were quantified with immunoblot densitometry software, AlphaEase FC (Alpha Innotech).
RNA preparation. Cytoplasmic and nuclear RNA was prepared with the RNeasy Plus Minikit, according to instructions from the manufacturer (Qiagen). For preparation of cytoplasmic fractions, the harvested cells were resuspended in 210 l ice-cold lysis extraction buffer (33) containing 10 mM HEPES (pH 7.6), 3 mM MgCl 2 , 40 mM KCl, 2 mM dithiothreitol, 5% glycerol, 0.5% (vol/vol) NP-40, 0.5 mM phenylmethylsulfonyl fluoride, 200 units/ml RNasin (Promega), and protease inhibitors (Complete Mini; Roche) and maintained on ice for 5 min. The samples were subjected to centrifugation at 1,000 ϫ g for 5 min to pellet the nuclei. The supernatant cytoplasmic fractions were collected. To isolate nuclear fractions, the nuclear pellets washed with lysis extraction buffer were spun down and then resuspended in nuclear extraction buffer C (39) containing 20 mM HEPES (pH 7.9), 0.45 M NaCl, 1 mM EDTA, and 200 units/ml RNasin and protease inhibitors and maintained on ice for 5 min. The samples were subjected to centrifugation at 14,000 rpm for 10 min, and the supernatants were gathered as nuclear fractions. To check separation of cytoplasmic and nuclear fractions, samples were subjected to Western blotting using anti-␤-tubulin (Cell Signaling) and anti-lamin A/C (Cell Signaling).
Northern blot assays. For Northern blot analysis, 7 to 14 g of RNA was denatured with RNA loading dye, NorthernMax-Gly (Ambion), at 50°C for 30 min, followed by gel electrophoresis in 1% agarose gels and blot transfer to nylon membranes (Hybond-N Plus; GE Healthcare). Northern blot hybridization with 32 P-labeled DNA probes was described previously (31) . NorthernMax-Gly gel prep-running buffer and NorthernMax 1-hour transfer buffer (Ambion) were used for gel electrophoresis and RNA transfer. The following probes were used: gag (nt 929 to 1110) and env-LTR (nt 6484 to 7455 and 139 bp of backbone vector; pCMV2JS21) for detection of JSRV RNA. The names of probes indicate the regions of the JSRV genome as well as the nucleotide positions with respect to the JSRV sequence (32) (NCBI accession number AF105220). The probe for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used to confirm the amount and quality of transferred RNA on the membranes. The quantification of the unspliced RNAs and GAPDH was performed with densitometry software, AlphaEase FC.
Immunofluorescence. The 293 and 208F cells were plated at 1 ϫ 10 5 cells in four-well chamber slides and incubated for 24 h, followed by transfection with 1 g of plasmid DNA. The cells were fixed with 4% paraformaldehyde at 48 h after transfection. Cells were permeabilized with 0.5% Triton X-100 in PBS for 5 min, washed with PBS, and blocked with 1% bovine serum albumin in PBS for 30 min and then exposed to rabbit polyclonal antibody to hemagglutinin (HA) tag (Sigma) for 1 h at 37°C. The cells were incubated with goat anti-rabbit immunoglobulin G conjugated with fluorescein isothiocyanate (FITC) for 30 min at 37°C. Then the cells were washed, covered with Vectashield mounting medium plus DAPI (4Ј,6-diamidino-2-phenylindole) (Vector Laboratories), and observed using a fluorescence microscope.
RESULTS
Mutations in the 3 end of the JSRV env gene impair JSRV Gag protein synthesis. We previously carried out alanine scanning mutagenesis on the 46-amino-acid cytoplasmic tail of JSRV envelope transmembrane (TM) protein, to study the role of this domain in virus-induced cell transformation (18) . Since studies of the related betaretrovirus MPMV also implicated particular residues in the MPMV cytoplasmic tail as being important in virus particle assembly and release (37), we tested if JSRV cytoplasmic tail residues are important for virion maturation and release. Each of the alanine mutations in the cytoplasmic tail of JSRV TM was transferred from the original envelope-only expression constructs (based on the plasmid ⌬GP) into a full-length human cytomegalovirus-driven JSRV provirus expression plasmid (based on pCMV2JS21) (Fig. 1A and B) . We then examined the ability of each mutant to produce JSRV virions in transiently transfected human 293T cells. This was accomplished by harvesting released virus from the transfected cells by ultracentrifugation, followed by SDS-PAGE and Western blotting with a monoclonal antibody specific for JSRV CA protein. Most of the cytoplasmic tail mutants showed modest or minimal effects on virus production (unpublished data). However, four mutations in the 3Ј end of the env gene impaired virus production significantly ( Fig. 2A) .
In particular, mutations corresponding to alanine substitutions at residues 608, 609, 611, and 612 showed ϳ1% or undetectable virus production compared to wild-type pCMV2JS21. Thus, sequences at the 3Ј (C-terminal) end of env are important for virus production.
To determine if the virus production defects for the mutations in the 3Ј end of the env gene resulted from defects in Gag protein production or assembly of virus particles, we tested for the presence of Gag proteins in cell extracts from 293T cells transfected with the mutant proviral expression plasmids (Fig.  2B ). The same mutations that showed lack of virus particle release also showed undetectable or extremely low levels of intracellular JSRV Gag protein. Thus, these mutations largely reflected defects in Gag protein synthesis and/or stability. It was interesting that one mutation in this area (D610A) showed quite high levels of intracellular Gag synthesis and/or stability and particle release (64.4% compared to wild type).
The 3 end of JSRV env contains an element required for Gag synthesis and accumulation of unspliced viral RNA in the cytoplasm in 293T cells. Many retroviruses contain cis-acting elements modulating the transport of unspliced viral RNA in the 3Ј end of env or the flanking regions (4, 25, 28, 35, 41 ). Therefore, we tested if the mutations in that 3Ј end of JSRV env affected cytoplasmic transport of unspliced gag mRNA. Since it was possible that the 3Ј env mutations were affecting Gag synthesis at the RNA level, the alanine scanning mutations were renamed according to their nucleotide substitutions (Fig. 1B ). Cytoplasmic and nuclear RNAs were isolated from 293T cells transfected with the mutations 16 h after transfection, and the RNAs were analyzed by Northern blot analysis with an env-LTR probe corresponding to the carboxyl-terminal portion of the TM region. For JSRV, the standard unspliced and spliced viral RNAs are 7.5 and 2.4 kb, respectively (31) . As shown in Fig. 3A , four of the mutants defective for Gag protein synthesis showed substantially reduced unspliced viral RNA in the cytoplasm, while the mutant that showed relatively normal Gag (a7176c or D610A) showed cytoplasmic unspliced viral RNA comparable to that for wild-type JSRV. Quantification of the unspliced RNA in these four mutants showed an approximately 75% reduction compared to that of the wild type (Fig.  3B ). These results indicated that the 3Ј end of JSRV env has an element affecting the levels of unspliced JSRV RNA in the cytoplasm.
We have recently found that JSRV encodes a regulatory protein, Rej, which is necessary for translation of Gag protein from unspliced JSRV mRNA (17a). Rej is encoded within the env gene in sequences at the 5Ј end, similar to the Rem and Rec regulatory proteins encoded by the betaretroviruses MMTV and HERV-K, respectively (19, 22, 27) . Like HIV-1 Rev and HTLV-I Rex, Rem, and Rec, Rej increased the levels of unspliced viral RNA in the cytoplasm in 293T cells although not in other cell lines. To test if Rej could complement JSRV Gag expression in trans, we cotransfected into 293T cells a Rej-deficient Gag-Pol expression construct, pTN3 (Fig. 1A) , with an Env/Rej expression construct (⌬GP) containing the same mutations as those described in the Fig. 2 and 3 legends. pTN3 is a derivative of pCMV3JS21 in which the entire env sequences were deleted with the exception of 120 bp at the 3Ј end. RejRE could still encode functional Rej protein because ⌬GP contains the standard splice donor and acceptor sites for env/ Rej mRNAs, and Rej is encoded by a doubly spliced env mRNA or perhaps also singly spliced env mRNA (17a). These spliced mRNAs presumably could be exported via the standard pathway for spliced mRNAs, without the necessity for the sequences in the 3Ј end of JSRV env.
The results in Fig. 4 indicated that the mutations in the 3Ј end of env did not inhibit the expression of Rej activity. Thus, the inability of the full-length constructs with these mutations to express Gag or to efficiently export and/or accumulate unspliced viral RNA in the cytoplasm reflected defects in a RejRE. As will be shown below, the same mutations appear to inhibit binding of Rej protein to viral RNA.
CRM1 but not Tap is involved in JSRV RNA export. Retroviruses use the host RNA export factors CRM1 and/or Tap in export of their unspliced RNAs (7) . Complex retroviruses such as HIV-1, HTLV-1, and MMTV assemble complexes of CRM1 and viral trans-acting proteins on their responsive elements, leading to unspliced RNA export. In contrast, simple retroviruses such as MPMV and SRV have CTEs that bind the Tap protein, resulting in export of unspliced RNA. To test if optimal export of unspliced JSRV RNA in 293T cells depends on either pathway, we cotransfected pCMV2JS21 along with expression plasmids for dominant-negative inhibitory forms of Tap (pcHA-Tap-A17) or a defective form of the nucleoporin Nup214/CAN (⌬CAN) that interferes with CRM1-dependent unspliced viral RNA. Cotransfection of pTN3 with ⌬GP-Flag into 293T cells showed that expression of Env (and presumably Rej) protein was not affected by LMB treatment (Fig. 5D ), indicating that spliced and unspliced viral RNAs utilize different RNA export pathways. Control experiments with HIV RRE-containing and MPMV CTE-containing plasmids confirmed that the ⌬CAN and pcHA-Tap-A17 plasmids indeed decreased CRM1-and Tap-mediated RNA export (not shown). Secondary structure folding analysis of the RejRE. The Zuker M-fold program (M-fold) is an efficient algorithm for RNA secondary structure prediction (26, 42) , which accurately predicted the RNA secondary structures of viral cis elements required for RNA transport such as the HIV-1 RRE and MPMV CTE (9, 38, 40) . We therefore carried out M-fold analysis on JSRV sequences spanning the cytoplasmic tail region of env into the 3Ј LTR (nt 7075 to 7441, the JSRV expression/export element [JREE] [17a] ) because these were the only env sequences present in the pTN3 plasmid and pTN3 could respond to Rej in 293T cells. M-fold computations were carried out at 37°C and 1 M NaCl and no divalent cations; 10 potential structures were predicted, and all predictions showed a common secondary structure between nt 7150 and 7288 (Fig.  6, leftmost structure) . This structure consisted of six subregions: stems A, C, and E, with intervening bulges (loops B and D) as well as a terminal branched structure (branch F). The structure on the far left in Fig. 6 also shows the location of nucleotide substitutions characterized in Fig. 2 to 4 . Open arrows indicate nucleotide substitutions in pCMV2JS21 constructs that did not affect Gag synthesis or optimal unspliced RNA export and/or accumulation of cytoplasmic unspliced viral RNA (Rej response), while solid arrows indicate substitutions that abolished or greatly reduced activity. These results suggested that RejRE is located in this region and that essential RejRE sequences include stems C and E, as well as some (but not all) nucleotides in the loop D bulge. The structures on the right side of Fig. 6 show the predicted M-fold structures for the four mutations in Fig. 2 to 4 that showed impaired Rej/ RejRE activity. Three of the mutations resulted in changes in the predicted secondary structures of either stem C or stem E or in the size of loop D. The mutation JS g7173c showed the same predicted secondary structure as that of the wild type but with a single nucleotide substitution within loop D. This mutant structure analysis suggested that the secondary structure and/or primary sequences of stems C and E and the primary sequence in loop D are important for Rej/RejRE activity. It should also be noted that the mutation JS a7176c, which did not affect Rej/RejRE activity, was also in loop D, and it did not affect the predicted secondary structure. We also used another RNA folding algorithm to analyze the same region of the RejRE, S-fold (http://sfold.wadsworth.org/). S-fold predicted the same core structures in the RejRE as did M-fold.
To further investigate the structure-function relationship of the RejRE, additional mutations in the context of pCMV2JS21 were prepared. These included three compensating mutations that restored the predicted secondary structures of stems C and E in the mutants shown in Fig. 7A (JS#7, #13, and #15). In addition, a compensating mutation that restored the secondary structure of stem A (JS#2) was also generated. (In fact the mutant a7157g/a7158c showed an altered secondary structure in stem A even though this mutation had no effect on Rej/RejRE activity [not shown].) Additional single nucleotide substitutions in loops D and B (JS#9, #11, #16, #17, and #18) were also generated. In all cases, M-fold analysis indicated that these mutations did not affect the predicted secondary structures of RejRE compared to those of the wild type. Each of these mutants was transfected into 293T cells, and the levels of cytoplasmic unspliced RNA (Fig. 7B ) and the amounts of viral proteins produced as measured by released CA protein (Fig. 7C) were assessed. For one compensating mutation that restored the secondary structure of stems C and E (JS#7), there was partial restoration of levels of cytoplasmic unspliced mRNA and Gag protein synthesis. For two compensating mutations (JS#13 and #15), restoration of the secondary structure of stem E did not increase unspliced mRNA transport or Gag synthesis. These results indicated that the secondary structure of stem C and both the secondary structure and primary sequences in stem E are important for Rej/ RejRE activity. Of the three additional mutations in loop D, two (JS#9 and #16) inhibited Rej/RejRE activity, while one
FIG. 7. Extended mutagenesis of the RejRE. (A)
The nucleotide substitutions in additional mutants of the RejRE are shown, with the wild-type sequence and structure as reference. The plasmids JS#2, #7, #13, and #15 in stems A, C, and E were produced from JS a7157g/a7158c, JS a7169g/g7170c, JS g7180u/c7179u, and JS g7182c/c7261g (Fig. 6) , respectively, by adding mutations on the opposite strands that were predicted to restore base pairing. JS#9, #11, #16, #17, and #18 contained additional nucleotide substitutions in loops B and D. All of these new mutations were predicted by M-fold computations to have the same secondary structure as that of wild-type JSRV. The open and solid arrows are described in the legend to Fig. 6. (B) The new mutants were transfected into 293T cells, and cytoplasmic RNAs were isolated 16 h after transfection and subjected to Northern blot analysis with a JSRV env-LTR probe. Positive (wild-type JSRV, pCMVJS21) and negative (pcDNA3) controls were analyzed in parallel. Regions of the Northern blots corresponding to full-length unspliced and GAPDH RNA in the autoradiograms were quantified by immunoblot densitometry, and the percentages of unspliced RNA in the cytoplasm relative to pCMVJS21 are shown at the bottom of the panel. (C) Release of viral protein into the medium from 293T cells transfected with the same plasmids as those in panel B was assessed by SDS-PAGE of cell extracts followed by Western blotting with anti-CA antibody. The region of the blot corresponding to cleaved CA protein (23 kDa) is shown.
(JS#11, adjacent to the other loop D mutation that did not affect Rej/RejRE activity [JS a7176c]) showed significant although partial Rej/RejRE activity. Thus, the primary sequence in loop D nearer to stem C was important for the RejRE, while the loop D sequences proximal to stem E were not essential. Finally, two additional mutations (JS#17 and #18) in loop B showed no effect on Rej/RejRE activity. Taken together, these additional mutations confirmed the importance of the primary and secondary structures of stems C and E and the intervening loop D in RejRE, and they ruled out the importance of stem A and loop B.
Mutations in RejRE do not affect export and/or accumulation of cytoplasmic unspliced viral RNA in 293 cells. As described above, certain mutations in RejRE impaired optimal export of cytoplasmic accumulation of unspliced viral RNA in 293T cells, although lower levels were detected. In contrast to 293T cells, in 293 cells Rej does not affect unspliced viral RNA export, since the deletion of the Rej coding region did not substantially reduce cytoplasmic unspliced RNA in these cells (17a) . To test if the RejRE affects cytoplasmic accumulation of unspliced viral RNA in 293 cells, the RejRE mutants showing minor (a7176c) or major (c7179t/g7180t and g7182c) defects on RNA accumulation in 293T cells (Fig. 3) were analyzed in 293 cells by Northern blot assays with the gag probe. As expected, those mutations did not show substantial reduction of cytoplasmic unspliced RNA in 293 cells (Fig. 8) . However, for JS c7179t/g7180t and JS g7182c (and to a lesser extent for JS a7176c) the cytoplasmic unspliced RNA was a mixture of 7.5-kb full-length RNA and RNA that showed a slightly smaller size (asterisks in Fig. 8 ). These slightly smaller RNAs were likely derived from nuclear full-length viral RNA since they were not present in nuclear RNA, and they were larger than the next-largest nuclear RNA (a 6.5-b prematurely polyadenylated RNA [31] ). Since these mutant unspliced viral RNAs are very inefficiently translated (Fig. 2) , one possible explanation is that the untranslated unspliced RNAs were subject to enhanced degradation.
RejRE relocalizes Rej protein to the cytoplasm. We have found that JSRV protein localizes primarily to the nucleus when it is expressed by itself, similarly to other related retroviral proteins (17a). If Rej binds to JSRV RNA (and to RejRE in particular), then it might relocalize to the cytoplasm in cells expressing full-length JSRV RNA. To test this, 293 cells were transiently transfected with an epitope-tagged expression construct for one form of Rej protein (the Env signal peptide, ⌬GPSP-HA [ Fig. 1A] ) along with full-length JSRV expression construct pCMVJS21 (wild type) or JS c7179t/g7180t. The cells were fixed and subjected to immunofluorescence microscopy after being stained with an FITC-conjugated anti-HA antibody (Fig. 9) . The epitope-tagged full-length Env protein (encoded by ⌬GP-HA) showed predominantly cytoplasmic staining with some localization at the plasma membrane, as expected. When expressed by itself, Rej protein (⌬GPSP-HA) was predominantly in the nucleus. It was noteworthy that cotransfection of pCMVJS21 with ⌬GPSP-HA relocalized Rej protein into the cytoplasm. Moreover, cells cotransfected with RejRE mutant JS c7179t/g7180t and ⌬GPSP-HA did not show relocalization of Rej from the nucleus to the cytoplasm. The same results were observed in rat 208F fibroblasts. In the experiment shown in Fig. 10 , additional RejRE mutants (Fig. 3) were tested in both cell lines. There was a strong correlation for the other mutants between RejRE function and relocalization of Rej protein to the cytoplasm (Fig. 10) . The cytoplasmic relocalization of Rej protein by coexpression of unspliced viral RNAs with RejRE function suggests that Rej binds to the RejRE directly or indirectly and is exported to the cytoplasm as a complex with the RNA. It is noteworthy that the Rej-RejRE interaction was observed in cells where Rej does not affect unspliced RNA export (293 and 208F). It was not possible to perform similar experiments on 293T cells because these cells are very loosely adherent and refractile, so that microscopic visualization of cytoplasm versus nucleus was problematic.
DISCUSSION
In this paper we describe an element on JSRV RNA that is essential for translation of Gag protein and optimal export and/or accumulation of cytoplasmic unspliced viral RNA in 293T cells, located in the 3Ј end of the viral genome, the RejRE. The RejRE was first identified through studies of alanine scanning mutations in the cytoplasmic tail of Env TM protein, some of which led to greatly reduced Gag protein expression and concomitant defects in export and/or accumulation of cytoplasmic unspliced viral RNA in 293T cells. The RejRE binds Rej protein directly or indirectly, as measured by the ability of RejRE-containing viral RNAs to relocalize epitope-tagged Rej protein (the Env signal peptide) from the Wild-type and RejRE mutant JSRV expression vectors were transfected into 293 cells, and cytoplasmic (C) and nuclear (N) RNAs were isolated and then subjected to agarose gel electrophoresis and Northern blot analysis with a gag probe mixed with a GAPDH probe. The unspliced full-length (7.5-kb), full-length prematurely polyadenlylated (6.5-kb) (31) , and GAPDH RNAs are indicated. JS c7179t/g7180t and JS g7182c also showed slightly smaller unspliced full-length RNA (asterisks) between the 7.5-and 6.4-kb JSRV RNA bands. mic unspliced viral RNA (17a). The fact that the RejRE relocalizes Rej protein in the latter cells (Fig. 9) indicates that Rej binds to the RejRE even if it is not facilitating RNA export and/or accumulation of cytoplasmic unspliced viral RNA in these cells. An attractive model is that Rej binding to the RejRE renders unspliced viral RNAs competent for translation once they appear in the cytoplasm in all cells and that it also facilitates cytoplasmic transport in 293T cells. Analogous regulatory proteins for other retroviruses (e.g., HIV Rev and HTLV-1 Rex) have also been reported to function at multiple steps, including transport, accumulation of unspliced viral RNA, RNA stabilization, and promotion of translation (2, 8, 11-13, 16, 25) . The fact that Rej or RejRE mutant viruses show significant residual unspliced viral RNA export and/or accumulation (293T cells) or no defects in the levels of cytoplasmic unspliced viral RNA (293 cells) indicates that JSRV RNA must also contain a CTE that can function independently of the RejRE. In the future it will be interesting to characterize sequences with CTE activity and their relationship to the RejRE. Both of these activities are encoded in the 3Ј end of the env gene, and the composite element has been termed the JREE.
Accumulation of cytoplasmic unspliced JSRV RNA in 293T cells is dependent on CRM1 since the dominant-negative inhibitor ⌬CAN or LMB inhibited unspliced JSRV RNA export. CRM1 typically does not directly bind RNAs; it facilitates export of mRNAs by binding to proteins that contain nuclear export signals. Indeed, several retroviral regulatory proteins such as HIV-1 Rev and MMTV Rem have been shown to facilitate unspliced viral RNA export by interaction with (Fig. 3) . The cells were analyzed as described for Fig. 9 . Bar, 5 m.
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CRM1. The Rej coding region contains putative domains including nuclear export signals and nuclear localization signals (17a). Thus, interaction of Rej bound to the RejRE with CRM1 could facilitate export of unspliced viral RNA in 293T cells. Because Rej does not play a major role in export and/or accumulation of cytoplasmic unspliced viral RNA in 293 and other cells (17a), perhaps some other cellular protein interacting with the CRM1 pathway must support export of unspliced JSRV RNA in these cells. Structural analysis of the RejRE was carried out by in silico folding of the wild-type RejRE as well as of mutants that did or did not inhibit Rej/RejRE activity. A stable structure consisting of three stems (A, C, and E) and two intervening loops (B and D) was predicted by M-fold, and mutations that inhibited RejRE activity were localized in stems C and E as well as loop D. Moreover, the mutations in stems C and E that inhibited activity were predicted to have alterations in the secondary structure. On the other hand, the presence of mutations in this region that did not affect Rej/RejRE activity indicated that disruption of the predicted stem A as well as some (but not all) single base mutations in loop D could be tolerated. Subsequent compensating mutations that restored predicted secondary structure indicated that both the primary and secondary structures of stems C and E are important for RejRE activity. These results suggest that the C-D-E stem-loop-stem region is the site of binding of the Rej proteins or cellular factor(s) that mediates Rej/RejRE activity. Identification of the minimal region may facilitate identification of the proteins involved.
While these experiments identified a region of JSRV RNA that is responsible for binding of Rej protein, along with subsequent consequences such as competence for translation and (in 293T cells) enhanced cytoplasmic export, it is unclear if all unspliced viral RNAs are bound with Rej protein in infected cells. One intriguing possibility is that unspliced cytoplasmic viral RNA (transported by the CTE activity of the JREE) is preferentially packaged into virions, while unspliced cytoplasmic RNA with Rej attached is preferentially used as mRNA for Gag and Pol proteins.
After this work was submitted, Caporale et al. also described similar results, in which a JSRV regulatory protein (termed Env signal peptide, equivalent to Rej) was shown to be important for export and/or accumulation of cytoplasmic unspliced JSRV RNA and expression of Gag protein in 293T cells (6) . Sequences at the 3Ј end of the Env gene with the same predicted secondary structures as those reported here were reported to be important for this activity. Our results are consistent with those of Caporale et al., and we extend them by functional mapping of the RejRE and showing that Rej binds to the RejRE.
